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Key Points:
• A linear, multi-mode model driven by reanalysis wind stress products has skill at
reproducing monthly mean sea level variability as measured by tide gauges in the
pre-satellite era.
• A spurious eastward trend in the zonal wind stress in the NCEP/NCAR product
leads to a spurious upward trend in model-computed sea level in the eastern Pa-
cific.
• The pivot point in sea level variability in the western-central Pacific was located
further west during the period 1993-2014 than during 1961-2002. This is related
to an upward trend in the variance of zonal wind stress in the western equatorial
Pacific throughout the period 1961-2014.
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Abstract
Monthly mean sea level anomalies in the tropical Pacific for the period 1961-2002 are re-
constructed using a linear, multi-mode model driven by monthly mean wind stress anoma-
lies from the NCEP/NCAR and ERA-40 reanalysis products. Overall, the sea level anoma-
lies reconstructed by both wind stress products agree well with the available tide gauge
data, although with poor performance at Kanton Island in the western-central equatorial
Pacific and reduced amplitude at Christmas Island. The reduced performance is related to
model error in locating the pivot point in sea level variability associated with the so-called
“tilt" mode. We present evidence that the pivot point was further west during the period
1993-2014 than during the period 1961-2002 and attribute this to a persistent upward
trend in the zonal wind stress variance along the equator west of 160◦W throughout the
period 1961-2014. Experiments driven by the zonal component of the wind stress alone
reproduce much of the trend in sea level found in the experiments driven by both compo-
nents of the wind stress. The experiments show an upward trend in sea level in the eastern
tropical Pacific over the period 1961-2002, but with a much stronger upward trend when
using the NCEP/NCAR product. We argue that the latter is related to an overly strong
eastward trend in zonal wind stress in the eastern-central Pacific that is believed to be a
spurious feature of the NCEP/NCAR product.
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1 Introduction
In the tropical Pacific, simplified ocean models (e.g. reduced-gravity, shallow wa-
ter models) driven by estimates of the observed wind stress are able to reproduce sea
level fluctuations not only on the interannual timescale [Qiu and Chen, 2012; Zhu et al.,
2017] but also on decadal and multidecadal timescales [Timmermann et al., 2010; Qiu and
Chen, 2012]. However, before the satellite era, the only direct measurements of sea level
are from tide gauges, mostly located on islands, resulting in a very sparse spatial cover-
age compared to that from the satellite altimeter, leading to uncertainty in the variability
of sea level in the pre-satellite era on a range of time scales [Rhein et al., 2013]. There
are also uncertainties in simulated and projected sea level rise in climate models [Church
et al., 2013], not least arising from uncertainties in the initial conditions used for future
projections [Bordbar et al., 2015].
Given that a multi-mode linear model has considerable success at reproducing in-
terannual sea level variability in the tropical Pacific as seen by the satellite altimeter [Zhu
et al., 2017], one way to estimate sea level variability in the pre-satellite era is to run the
same model using estimates of the surface wind stress from reanalysis, e.g. the 40-yr Eu-
ropean Centre for Medium-Range Weather Forecasts (ECMWF) Re-analysis (ERA-40)
[Kalnay et al., 1996] and/or the National Center for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) Reanalysis [Uppala et al., 2005]. How-
ever, these wind stress products are, themselves, subject to error that can, in turn, lead to
errors in the simulated sea level variability. The problem is highlighted by a recent study
using the Max Planck Institute Earth System Model [Pohlmann et al., 2017]. These au-
thors demonstrate that a large artificial trend in NCEP/NCAR zonal wind stress in the
eastern-central tropical Pacific reduces the hindcast prediction skill for sea surface tem-
perature in the tropical Pacific when the NCEP/NCAR product is used as part of the ini-
tialisation.
The objective of the present study is to reconstruct monthly sea level variability in
the equatorial Pacific for the period 1961-2002 using the linear, multi-mode model of Zhu
et al. [2017] driven by monthly mean wind stress fields from the NCEP/NCAR and ERA-
40 reanalysis products. The multi-model of Zhu et al. [2017] has its origin in the early
work by Busalacchi and O’Brien [1981] and Busalacchi et al. [1983]. However, unlike
those early studies that consider only a single baroclinic normal mode, Zhu et al. [2017]
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consider the first five baroclinic normal modes. They also do not specify a vertical struc-
ture for the wind forcing term; rather, the vertical structure is derived by fitting model-
computed sea level variability to that seen by satellite data along the equator. Nagura
and McPhaden [2010] take a similar approach to modelling the equatorial Indian Ocean
but restricting to long, equatorial waves (waves for which the zonal flow is in geostrophic
balance along the equator) and using a method based on McCreary [1981] to project the
wind forcing onto the diﬀerent vertical modes. Likewise, Qiu and Chen [2012] have used
a nonlinear, 1 1/2 layer model driven by observed wind stress to simulate tropical Pacific
sea level variability over the period 1993-2009.
The paper is organized as follows. In Section 2, the model setup and data are de-
scribed. In Section 3, we show the reconstructed sea level anomalies obtained using the
linear, multi-mode model and validate the model performance against the available tide
gauge and satellite data. We also examine the model-computed trends in sea level and the
impact of the trend in the NCEP/NCAR reanalysis noted by Pohlmann et al. [2017] on the
modelled sea level. The interannual variability is, not surprisingly, dominated by El Niño-
Southern Oscillation (ENSO) events [Becker et al., 2012] and leads us into a discussion of
the pivot point in the western-central Pacific that is a manifestation of the “tilt" mode of
Clarke [2010] and the associated trends in zonal wind stress variance. Finally, Section 4
provides a summary and discussion.
2 Methods
We adopt the linear, multi-mode model described in Zhu et al. [2017]. This model
is a linear combination of linear, shallow water models for the first five baroclinic verti-
cal normal modes (see Gill [1982] and McCreary [1981] for a discussion of vertical nor-
mal modes). The weighting given to each mode is the same as used in Zhu et al. [2017]
and was obtained by running the model using monthly mean wind stress anomalies from
ERA-Interim and fitting the simulated sea level anomalies along the equator to those of
the satellite altimeter measured sea level anomalies produced by Ssalto/Duacs and dis-
tributed by AVISO with support from Cnes (http://www.aviso.altimetry.fr/duacs/; hereafter
this dataset is referred to as AVISO). Readers who are interested in the details are referred
to Zhu et al. [2017].
–4–
This article is protected by copyright. All rights reserved.
In our experiments, except for the wind forcing, the model configuration is the same
as in Zhu et al. [2017], including the model domain (12◦S - 18◦N, 112◦E - 70◦W), coast-
line (300 m isobath), horizontal resolution (0.5◦ × 0.5◦), boundary conditions (solid walls
at the eastern/western boundaries, sponge layers applied to the momentum equations at the
northern/southern boundaries with e-folding scale of 5◦ in latitude) and a horizontal eddy
viscosity of 5000 m2 s−1.
Two standard experiments are respectively driven by monthly mean wind stress
anomalies from the National Center for Environmental Prediction/National Center for At-
mospheric Research (NCEP/NCAR hereafter) Reanalysis [Uppala et al., 2005] and the 40-
yr European Centre for Medium-Range Weather Forecasts (ECMWF) Re-analysis (ERA-40
hereafter) [Kalnay et al., 1996]. Both model runs are carried out for the period from the
1st September 1957 to the 1st August 2002 and the analysis period is 1st January 1961
to 1st August 2002 to exclude the model spin-up. The wind stress anomalies are refer-
enced to the respective monthly mean wind stress climatologies from NCEP/NCAR and
ERA-40 for the analysis period 1961-2002. These two standard experiments are called the
NCEP/NCAR experiment and the ERA-40 experiment, respectively. In addition, we also
conduct two sensitivity experiments forced only by zonal wind stress anomalies from the
NCEP/NCAR and ERA-40 datasets; these experiments are called NCEP/NCAR-zonal and
ERA-40-zonal, respectively. We also make use of the results from the standard experiment
of Zhu et al. [2017] that is driven by monthly mean wind stress anomalies from the ERA-
Interim reanalysis [Berrisford et al., 2009]. In this experiment the anomalies are referenced
to the period 1993-2014.
To validate the model, we use sea level obtained from the tide gauge stations marked
in Figure 1. The data were downloaded from the Permanent Service for Mean Sea Level
[Holgate et al., 2013; PSMSL, 2016]. We also use the satellite measured sea level anoma-
lies from January 1993 to September 2014 from AVISO at 1/4◦ resolution in latitude and
longitude.
3 Results
3.1 The model performance
To gain an overview of the model performance, we first show Hovmoeller diagrams
of the zonal wind stress and sea level anomalies along the equator from the NCEP/NCAR
–5–
This article is protected by copyright. All rights reserved.
and ERA-40 experiments (Figure 2). Both experiments reproduce the documented El
Niño events (e.g. 65/66, 72/73, 82/83, 86/87 and 97/98 El Niños) and La Niña events
(e.g. 64/65, 70/71, 84/85, 88/89, and 99/00 La Niñas) [Wang and Fiedler, 2006], where
the 86/87 El Niño [Ashok et al., 2007] and the 88/89 La Niña [Capotondi et al., 2015]
are examples of Modoki ENSO events. Comparing the two experiments, NCEP/NCAR
zonal wind stress anomalies (Figure 2a) experience a large eastward trend near 120◦W
during 1961-2002, which is missing from ERA-40 (Figure 2b), as reported by Pohlmann
et al. [2017]. There is a corresponding positive trend in sea level in the eastern equato-
rial Pacific basin in the case driven by NCEP/NCAR wind stress anomalies (Figure 2c)
that, again, is missing from the ERA-40 experiment (Figure 2d) and which we discuss
further in Section 3.2. An interesting feature of the results of both experiments is the pres-
ence of a “pivot" point near the centre of the basin about which the modelled sea level
along the equator has a tendency to tip up and down, as in a see-saw. The presence of
the pivot point is the manifestation of the “tilt" mode that has been discussed by Clarke
[2010]. The pivot point was noted by Zhu et al. [2017] in their model experiments and is
also found in AVISO, a topic we discuss in more detail in Section 3.3.
To evaluate the performance of the models in more detail, Figure 3 compares the sea
level anomaly time series from the NCEP/NCAR and ERA-40 experiments with the tide
gauge observations at the five tide gauge stations marked in Figure 1 (all data are monthly
means). As a check, the tide gauge data is verified against AVISO, i.e. during the satellite
era, in Figure 4, from which it is clear that there is good agreement. (Note the sugges-
tion of a problem with the tide gauge at Rabaul between 1995 and 1998 given the oﬀset
from AVISO during this period, an oﬀset that is not present before 1995). Looking at Fig-
ure 3, we see that the model has skill at reproducing the interannual sea level variations.
To quantify this, we compute the correlations between observed and reconstructed sea
level at Rabaul (4.2◦S, 152.2◦E), Kanton (2.8◦S, 171.7◦W), Christmas (2.0◦N, 157.5◦W)
and Baltra (0.4◦S, 90.3◦W) for the time period 1985-1997 for which we have almost con-
tinuous tide gauge records (any data gaps are filled by linear interpolation). During this
13-year-long period, the correlations at Rabaul, Kanton, Christmas and Baltra for the
NCEP/NCAR (ERA-40) experiments are 0.85 (0.82), 0.09 (0.31), 0.68 (0.87) and 0.84
(0.84) respectively. Based on the method of Ebisuzaki [1997], these correlations are sig-
nificantly diﬀerent from zero at the 95% level with the exception of those at Kanton. The
drop oﬀ in correlation at Kanton is consistent with the spatial pattern of correlation for
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the period 1993-2014 between AVISO and the model-computed sea level anomalies noted
by Zhu et al. [2017] and shown by the color shading in Figure 1. The region of relatively
low correlation near Kanton Island is, in turn, related with the misplacement of the pivot
point in the model, a topic we return to in Section 3.3. At Christmas Island, the model
has skill at capturing events, especially in the ERA-40 experiment, but generally underes-
timates the amplitude, consistent with Figure 5 in Zhu et al. [2017] (in particular, compare
their Figure 5a and 5b). Interestingly, the region of reduced correlation near Kanton Island
is also the region in which Bunge and Clarke [2014] argue that the relationship between
variations in sea surface height and the depth of the 20◦C isotherm is obscured by the in-
fluence of rainfall. These authors note the importance of zonal advective processes in this
region (see also Dewitte et al. [2013]), processes that are missing from the multi-mode
model and which Zhu et al. [2017] argue contribute to the reduced performance of their
model in this region.
3.2 The trends in model-computed sea level
In addition to the interannual variability, Figure 3 also shows the trend in the model
time series at the locations of the tide gauges. It is notable that the NCEP/NCAR ex-
periments shows an upward trend at Sancrist and Baltra in the eastern equatorial Pacific
that is much stronger than that found in the ERA-40 experiment. This diﬀerence in the
trend between the two experiments in the eastern equatorial Pacific is clear when look-
ing at Figure 5a,b. To determine the origin of the trend, we use the experiments driven
by only the zonal wind stress: the NCEP/NCAR-zonal experiment and the ERA-40-zonal
experiment. The spatial distribution of the sea level trend in these experiments is shown
in Figures 5c,d and is very similar to that in Figures 5a,b. It follows that the zonal wind
stress primarily determines the model-computed sea level trend in the tropical Pacific.
Furthermore, it is clear that the large positive trend in sea level in the eastern tropical Pa-
cific in the NCEP/NCAR experiment is associated with the large eastward trend in zonal
wind stress in the NCEP/NCAR product (Figure 5e) that, in turn, has been attributed as
spurious by Pohlmann et al. [2017]. It follows that the large upward trend in sea level
in the NCEP/NCAR experiment is almost certainly spurious and that the weaker upward
trend in the ERA-40 experiment is more reliable. Indeed, both NCEP/NCAR and ERA-40
zonal wind stress anomalies exhibit a eastward trend, corresponding to a weakening of the
Walker circulation associated with the 1976/77 climate shift [Trenberth et al., 1998], but
–7–
This article is protected by copyright. All rights reserved.
this is much stronger in the NCEP/NCAR case. Qiu and Chen [2012], by considering the
later period 1993-2009, noted the opposite trend in tropical Pacific sea level to that noted
here, in both AVISO data and in a non-linear 1 1/2 layer, reduced gravity model driven by
observed wind stress. These authors attribute the trend in this case to the strengthening of
the Walker circulation after the transition of the Pacific Decadal Oscillation from a warm
to a cold equatorial phase in the last 1990’s [Minobe, 2002], consistent with our results.
3.3 Interannual variability and the pivot point
As noted earlier, an interesting feature of equatorial sea level variability is the pres-
ence of a “pivot" point near the centre of the basin about which the modelled sea level
along the equator has a tendency to tip up and down, as in a see-saw. The “pivot” point
is associated with the “tilt” mode of [Clarke, 2010]. Along the equator, the gradient of
sea level associated with the “tilt” mode is close to being in equilibrium with the zonal
wind stress. In the simplest example, the anomalous (departure from the mean) zonal
wind stress is uniform along the equator and the corresponding anomalous (departure
from the mean) sea level associated with the “tilt” mode varies linearly along the equa-
tor, with a zero crossing near the centre of the basin (see Figure 2e in Zhu et al. [2017]
and the discussion thereon). The sea level variability associated with the “tilt” mode there-
fore tips up and down, as in a see-saw, about the zero crossing; what we refer to here as
the “pivot” point. In reality, most of the variability in zonal wind stress along the equa-
tor is found in the western Pacific (see Figure 2a in Zhu et al. [2017]) with the result that
the “pivot point” moves westward, as can be seen by comparing Figures 2c and 2e in Zhu
et al. [2017]. It follows, as noted by Zhu et al. [2017], that the location of the pivot point
is determined by the longitude range over which the zonal wind stress exhibits the largest
temporal variability.
Figure 6 shows the variance of monthly zonal wind stress and sea level along the
equator as a function of longitude in the diﬀerent model experiments and also in AVISO.
The peak in zonal wind stress variability from NCEP/NCAR near 140◦W is associated
with the spurious trend in this product noted in Section 3.2. Apart from the peak, the
variability in zonal wind stress tends to be less in the NCEP/NCAR than in the ERA-40
product and this is reflected in the lower variability in the model-computed sea level in
this case shown in Figure 6b. The minimum in variance of sea surface height, reflecting
the location of the pivot point, is also broader, less clearly defined and extends further to
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the east in the NCEP/NCAR than in the ERA-40 experiment. It is notable that all three
model versions, including that discussed by Zhu et al. [2017], show generally lower vari-
ability in sea level than AVISO. This is similar to the finding of Nagura and McPhaden
[2010] who compared sea level variability as seen by AVISO with sea level variability
from a simple model for the Indian Ocean, a model with similarities to the one used here
(see the Introduction). It is also notable that the minimum in sea level variance is shifted
eastward in the model compared to AVISO. The eastward shift in the pivot point com-
pared to AVISO was noted by Zhu et al. [2017] who attributed this error to the lack of
zonal advection in the model [Dewitte et al., 2013], as noted earlier.
Also shown in Figure 6a is the variance of the zonal wind stress from ERA-40 in
the subperiods 1961-1977 and 1978-2002, before and after the 1976/77 climate shift [Tren-
berth et al., 1998]. A notable increase and westward shift in zonal wind stress variance
is found after the climate shift in the western equatorial Pacific in the ERA-40 product
and there is a further increase in variance in the ERA-interim product covering the period
1993-2014. By contrast, in the eastern tropical Pacific, the increase in zonal wind stress
variance after the climate shift, i.e. for the 1978-2002 period, is not found in the ERA-
Interim product covering 1993-2014. This issue is explored further in Figure 7a where
21 year running windows are used to compute the zonal wind stress variance (the ERA-
40 product is used from 1961-1992 and the ERA-Interim product from 1993-2014). The
situation in the western equatorial Pacific is illustrated on the equator at 165.5◦E where
there is a systematic increase in zonal wind variance throughout the study period, with no
evidence of any influence from the 1976/77 climate shift or, indeed, of the Pacific Decadal
Oscillation which is known to have changed phase in both 1976/77 and 1998/99 [Minobe,
2002]. Somewhat diﬀerent behavior is seen further east on the equator at 130◦W. Fig-
ure 7b shows the trend in zonal wind stress variance, again using 21 year running means
over the period 1961-2002, but this time as a function of longitude along the equator.
From this figure one can see that the upward trend in zonal wind stress variance is found
throughout the equatorial Pacific west of 160◦W with very little trend in variance further
east. The situation in the western equatorial Pacific is consistent with the westward shift
in the region of zonal wind stress variability, especially after 1999, that has been noted by
Lübbecke and McPhaden [2014]. From what we show here, however, the increase in zonal
wind stress variance in the western equatorial Pacific seems to be part of a much longer
time scale trend than considered by these authors.
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Comparing the model-computed sea level variability shown in Figure 2 for the pe-
riod 1961-2002 with Figure 2 from Zhu et al. [2017] for the period 1993-2014 leaves
the impression that the pivot point is located further west in the later period. This can
be quantified by computing Empirical Orthogonal Functions (EOFs) from monthly mean
sea level anomalies along the equator, for both the diﬀerent model experiments and for
AVISO. Doing this, one finds that the first EOF typically explains about 60% and the sec-
ond mode around 30% of the variance, indicating their dominance (see Table 1). The
spatial pattern and principal component (PC) time series associated with the first two
EOFs computed from AVISO are shown in Figure 8. For AVISO, EOF1 explains 64% and
EOF2 25% of the variance. The prominent El Niño events of 1997/98 and 2009/10 are
clearly evident, especially in the PC times series for EOF1. EOF1 corresponds to what
Clarke [2010] calls the “tilt" mode, for which the tilt in sea level along the equator is
close to being in equilibrium with the zonal wind stress [Clarke, 2010]. Indeed, the PC
time series for EOF1 is highly correlated with the time series of the zonal mean of the
zonal wind stress (0.84 in the case of AVISO and wind stress from ERA-Interim; see Ta-
ble 1). In what follows, the longitude of the zero crossing in the spatial structure of EOF1
will be taken as the location of the pivot point.
EOF1 is shown in Figure 9a for AVISO, the two model runs, ERA-40 and NCEP/NCAR
for the period 1961-2002, and the standard model run from Zhu et al. [2017] that is driven
by wind stress anomalies from ERA-Interim for the period 1993-2014. It is clear that
the zero crossing (and by implication the pivot point) is located further to the west in
AVISO than in the model runs, consistent with the previous discussion. In the case of
the NCEP/NCAR experiment, the zero crossing is located some 30◦ further east than in
AVISO, a bias that has its origin in the spurious trend in the NCEP/NCAR wind stress
product. Focusing on the more reliable ERA-40 experiment, we see a westward shift of
almost 10◦ longitude in the zero crossing in the model experiment from Zhu et al. [2017]
compared to the ERA-40 experiment discussed here. This is the shift we anticipated ear-
lier and is a consequence of the increase and westward shift in the zonal wind stress vari-
ance along the equator in the western Pacific shown in Figures 6 and 7b.
4 Summary and Discussion
We have used the linear, multi-mode model of Zhu et al. [2017] to reconstruct monthly
mean sea level variability in the tropical Pacific using monthly mean wind stress anoma-
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lies from the NCEP/NCAR and ERA-40 wind reanalysis. Zhu et al. [2017] noted that
their model-computed sea level agrees well with the satellite-derived sea level provided
by AVISO. Here, the analysis period of 1961-2002 is mostly before the satellite era and
includes the 1976/77 climate shift [Trenberth et al., 1998]. The simulated sea level anoma-
lies capture the major ENSO events and generally compare well with the sea level anoma-
lies measured by the available tide gauges shown in Figure 3, although the events in the
modelled time series at Christmas Island have lower amplitude than observed. An excep-
tion is the tide gauge station at Kanton Island, which is located in the region with the low-
est correlation between the model-computed sea level and AVISO [Zhu et al., 2017]. The
reduced correlation is due to the misplacement in the model of the pivot point along the
equator associated with the “tilt” model of Clarke [2010] - see [Zhu et al., 2017] for a de-
tailed discussion.
The origin of the trend in sea level in both experiments is explored using sensitivity
experiments driven by only the zonal wind stress anomalies from the NCEP/NCAR and
ERA-40 products. In both cases, the spatial pattern of the sea level trend is well-captured
in the sensitivity experiments compared to the experiments driven by both components
of the wind stress, indicating the importance of the zonal wind stress for determining the
trends in sea level in the tropical Pacific. Compared to ERA-40, NCEP/NCAR zonal wind
stress anomalies exhibit a much larger eastward trend in the eastern-central tropical Pa-
cific that Pohlmann et al. [2017] conclude is spurious. It follows that the much larger up-
ward trend in sea level in the eastern tropical Pacific in the NCEP/NCAR compared to the
ERA-40 experiment is also, almost certainly, spurious.
We noted that the relatively poor model performance at Kanton Island is due to the
presence of a pivot point along the equator about which sea level has a tendency to tip,
as in a sea-saw. This behaviour is the manifestation of the “tilt" mode that has been dis-
cussed by Clarke [2010] by which the tilt in sea level along the equator is close to being
in equilibrium with the zonal wind stress. As noted by Zhu et al. [2017], the pivot point
in the model is located to the east of the pivot point in the satellite data, i.e. AVISO, be-
haviour that was attributed to the missing zonal advection in the model. A way to quan-
tify the location of the pivot point is to identify its location with the zero crossing of the
first EOF for sea level computed from data along the equator. The extreme eastward loca-
tion of the pivot point in the experiment driven by the NCEP/NCAR wind stress product
is another indication of the spurious trend in this wind stress product. The analysis also
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shows a more westward location in the pivot point during the period 1993-2014 than in
the ERA-40 experiment. We attribute the westward shift in the pivot point to an increase
and westward shift in zonal wind stress variance in the western equatorial Pacific through-
out the period 1961-2002. This increase in zonal wind stress variance seems to be inde-
pendent of the Pacific Decadal Oscillation and part of a much longer time scale mode of
variability, possibility related to anthropogenic climate change, and requiring further study.
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Figure 1. Locations of tide gauge stations (white squares): Rabaul in the western basin, Kanton Island and
Christmas Island in the central basin, Baltra Island and Sancrist Island in the eastern basin. The contour shad-
ing denotes the correlation between monthly means of AVISO and model-computed sea level for the period
1993-2014 (using the same colour scale as in Figure 6a of Zhu et al. [2017] and note that there are no negative
correlations in the region shown).
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Figure 2. Hovmoeller diagrams along the equator, showing monthly means of zonal wind stress anomalies
from (a) the NCEP/NCAR and (b) the ERA-40 products, and model-computed sea level anomalies from (c)
the NCEP/NCAR experiment and (d) the ERA-40 experiment.
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Figure 3. The time evolution of monthly mean sea level anomalies (in cm) from the tide gauge measure-
ments (black lines), the NCEP/NCAR experiment (red lines) and the ERA-40 experiment (blue lines) at the
tide gauge locations shown in Figure 1. Trends are shown by corresponding, coloured straight lines. Here, the
labelling on the x-axis refers to January 1 of each year. Note also that there is only a short time period, from
1961 to 1968, for which data are available from Sancrist.
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Figure 4. The time evolution of monthly mean sea level anomalies (in cm) from the tide gauge measure-
ments (black) and satellite altimetry measurements (gray) at the tide gauge locations shown in Figure 1. As
in Figure 3, the labelling on the x-axis refers to January 1 of each year. Note also that no tide gauge data is
available from Sancrist for the AVISO period.
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Figure 5. Spatial pattern of the trend in sea level over the period 1961-2002 (in cm yr−1) in (a) the
NCEP/NCAR experiment, (b) the ERA-40 experiment, (c) the NCEP/NCAR-zonal experiment and (d)
the ERA-40-zonal experiment, as well as the corresponding trend in the zonal wind stress anomalies (in
Nm−2yr−1) from (e) the NCEP/NCAR and (f) the ERA-40 products.
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Figure 6. Variance in monthly means of (a) zonal wind stress anomalies from NCEP/NCAR, ERA-40
and ERA-Interim and (b) model-computed sea level anomalies along the equator from the NCEP/NCAR and
ERA-40 experiments and the experiment in Zhu et al. [2017] driven by ERA-Interim monthly wind stress
anomalies. Also shown is the variance of monthly mean sea level anomalies from AVISO.
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Figure 7. (a) Time series of the variance in monthly mean zonal wind stress at 165.5◦E (red line) and
130◦W (blue line) on the equator in 21 year running windows. (b) The trend in the time series of the variance
of zonal wind stress in 21 year running windows plotted as a function of longitude along the equator and cov-
ering the time period 1961-2014. Note that the ERA-40 product is used from 1961-1992 and the ERA-Interim
product from 1993-2014.
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Figure 8. The (a) spatial structure and (b) principal component time series for the first two EOFs of sea
level variability along the equator from AVISO (PC1: red line; PC2: blue line). The PC time series are
normalised by their respective standard deviations.
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Figure 9. The first EOF of sea level variability along the equator from the full length of the model recon-
structions and from AVISO.
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Table 1. The percentage of variance explained by each of the first two EOFs for sea level variability along
the equator computed from AVISO and in the diﬀerent model experiments (ERA-I refers to the standard
experiment in Zhu et al. [2017] covering the period 1993-2014). Also shown is the correlation between the
principal component time series of EOF1 and the zonal mean of the zonal wind stress along the equator (the
95% significance levels based on the method of Ebisuzaki [1997] are indicated in the brackets).
EOF1 EOF2 correlation
AVISO 71% 19% 0.84 (0.39)
ERA-I 72% 20% 0.84 (0.42)
ERA-40 (61-02) 70% 23% 0.77 (0.30)
NCEP (61-02) 70% 22% 0.82 (0.30)
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